Abstract: Hydrolysis of boron is investigated as a part of a boron/boron oxide solar, water-splitting, thermochemical cycle. Boron was hydrolysed and boron oxide was gasified with steam in a tubular reactor. The influence of the reactor temperature and time on hydrogen conversion was measured at furnace set point temperatures of 873, 973 and 1073 K. The hydrogen production rate was measured by inline gas chromatography. The products were analyzed by X-ray diffraction. The average hydrogen production efficiency of 92% was obtained for both 973 and 1073 K. The formation of a boric acid layer on the reactor walls was attributed to the gasification of the boron oxide. The X-ray analysis shows 100% conversion of the boron to boron oxide and boric acid.
Introduction
Hydrogen is an abundant and clean fuel with high energy density, making it a leading candidate in the search for an alternative to fossil fuels. However, the storage and transportation of hydrogen fuel for practical applications (e.g. internal combustion engine or fuel cells) remain among the most difficult problems to overcome before hydrogen can serve as a real alternative to fossil fuels [1] . Numerous methods for storage of hydrogen on-board vehicles have been considered, including compressed gas, liquid hydrogen and hydride compounds. Each method has significant and unresolved technical, safety and economic issues. Finding a feasible, on-board hydrogen storage solution is one of the major challenges in achieving a hydrogen economy. One such solution may be to produce the hydrogen onboard the vehicle at a rate that matches the rate of demand of the car engine. One method of on-board hydrogen production is to react a light metal with water. Boron is one of the most promising metal candidates for this purpose [2] . It is a light element with a molecular weight of 10.8g/mol. The reaction of boron with water yields a high hydrogen-to-metal ratio compared to other metals (see Table 1 ) [3] . Moreover, boron is very safe to store and to transport because its ignition temperature is high in dry or moist air and even in water. The ignition and combustion processes of boron have been of great interest to many researchers because of its high heating value. Considerable experimental [4] [5] and theoretical research [4] [5] [6] [7] [8] [9] has been conducted with the objective of understanding the ignition and combustion of boron particles in oxygen. The data show the ignition of boron particles is significantly delayed because of the formation of a layer of boron oxide (B 2 O 3 ) on the surface of the boron.
Several studies prove that adding water to the oxygen environment can increase the oxidation rate. This finding is of particular significance to the proposed study. It is suggested that the increased oxidation rate is due to gasification of the protective B 2 O 3 layer to boric acid (HBO 2 ). Smolanoff et al. [10] showed that the addition of water to the boron/oxygen reaction yields a higher reaction rate than when HF(g), CO 2 (g), and BF 3 (g) are added. Data obtained by Krier et al. [11] show that the addition of water reduces the ignition delay time and reduces the ignition temperature for combustion of boron when compared to combustion in pure oxygen. Vovchuk et al. [12] measured B 2 O 3 gasification rates in pure water and dry air atmospheres for temperatures as high as 1303 K. They found that the gasification rates for B 2 O 3 in water vapor were significantly greater than those in air. Sontgen et al. [13] found that the addition of 3 to 8% water vapor to air significantly increased the oxidation rate at 803 K.
Data on the hydrolysis of boron in the absence of oxygen are limited. Experiments in steam by Rosenband et al. [14] were the first to demonstrate that the production of hydrogen by this method is feasible. Vishnevetsky et al. [15] considered the hydrolysis of boron in the absence of oxygen at moderate reactor temperatures (below 873 K). The hydrogen yield was 47 to 62% of the theoretical equilibrium value. It was confirmed that the reaction occurs only at temperatures above the melting point of boron oxide (723 K). Removal or thinning of the liquid oxide layer is attributed to a gasification reaction with steam that produces volatile metaboric acid. Limitations of the test apparatus excluded experiments above 873 K, where the gasification rate of boron oxide increases and higher hydrogen production yields are expected.
The objective of this paper is to investigate the effect of temperature on boron hydrolysis (2B + 3H 2 O → 3H 2 + B 2 O 3 ) and to study the effect of boron oxide gasification reaction (B 2 O 3 (l) + 3H 2 O(g) → 2H 3 BO 3 (g)) on the hydrolysis process.
Methodology
The experimental setup is shown in Figure 1 . A 100 cm long and 2.3 cm i.d. tubular, quartz reactor is placed inside a tubular furnace (40 cm long, concentric, cylindrical, electric ceramic heater). Steam was generated upstream in an electrical heater. The amount of steam generated was controlled by controlling the water flow via a peristaltic pump. Prior to each experiment, a crucible was loaded with weighed boron particles of 0.1 grams (amorphous, 97% pure) and placed in the reactor. Each time, the reactor was closed, evacuated and purged with N 2 . The nitrogen flow rate was 0.3 l/min during the whole experiment. When the desired temperature (873 K, 973 K, 1073 K) in the furnace was reached, the steam flow was directed into the reactor (0.54 mL/min, equivalent to 1 rpm in the peristaltic pump). During the experiment, the excess of steam was condensed into a water vapor trap. The outlet gas was analyzed continuously using an inline gas chromatograph (Varain 430 GC). The GC was fixed in automatic sampling mode and started to record data as soon as the steam valve was opened. Each run lasted 2 minutes.
Fig. 1. Boron hydrolysis experimental setup
To examine the gasification of the oxide layer produced, small changes have been made to the experimental setup. A shorter quartz reactor (60 cm length, 2.3 cm i.d.) was placed in the tube furnace. The outlet of the quartz tube was open. Prior to each experiment, 4 crucibles were inserted into the reactor with the same amount of boron powder (0.1g) and placed in the reactor (dry and purged with N 2 ). During the experiment, boron crucibles were pushed out from the reactor into 500 mL flasks that contain nitrogen gas in order to prevent any further oxidation with air. This process was conducted on a regular time interval: 3 minutes between each crucible. Then the mass of the crucible was recorded.
Results and Discussion
Figures 2a and 2b show the hydrogen production at 973 and 1073 K. The hydrogen production efficiency at 973 K was 86 and 98% for run 1 and 2, respectively. At 1073 K, the efficiency was 93 and 90% for run 1 and 2 respectively. These values are much higher than the efficiency values obtained by Vishnevetsky at. al., [15] . In both of the runs at both of the temperatures, the hydrogen production followed the same trend. The hydrogen production reached the maximum at t = 8 and 10 minutes for 973 and 1073 K, respectively. the period of the experiment. At 973 and 1073 K, the first detected hydrogen production was after 2 minutes. At 1073 K, the hydrogen production was higher than at 973K, but the efficiency was lower. Here, it is important to mention that the hydrogen analysis was performed every 2 minutes and that, most likely, there was more hydrogen produced than the values measured. The X-ray analysis shows that all the boron was converted to boron oxide and boric acid in the first 3 minutes.
In all runs, the hydrogen production started immediately after switching the steam valve on. This is confirmed by the visual observation of the condensation of boric acid and the gas chromatography analysis.
Fig. 3. H 2 production comparison for different temperatures
From the first minutes of the reaction, a formation of white, glittery particles was observed on the inner wall of the quartz tube outside the furnace where the temperature is 376 K. These particles start to condense on the tube directly after the steam valve is switched on (Figure 4a and 4b). These condensed particles continued to accumulate during the experiment and were very easy to remove. The X-ray analysis of these particles indicates that they are orthoboric acid ( Figure 5 ). The formation of this layer is evidence of the gasification of boron oxide (B 2 O 3 (l) + 3H 2 O(g) = 2H 3 BO 3 (g)) in parallel with the hydrolysis reaction. Figure 6 shows the mass change during the hydrolysis of the boron powder at 973 K. Theoretically the hydrolysis of 0.1 grams of boron will generate 0.638 g of boron oxide; but the maximum weight recorded during the experiment was 0.229 g after 6 minutes of the reaction. This is due to the immediate gasification of the boron oxide layer. This gasification process was observed during the hydrolysis experiments: a white color deposition of boric acid was observed at t = 1 min of the hydrolysis experiment. After the sixth minute of the reaction, the weight of the particles in the crucible started to decrease. The X-ray analysis of the particles that remained in the crucibles shows 100% boron oxide after 3 minutes ( Figure  7 ). 
Conclusion
In this study, a tubular reactor was built and operated for the hydrolysis of boron and the gasification of boron oxide in nitrogen carrier gas. Hydrogen production was measured at furnace set point temperatures of 873, 973 and 1072 K. The primary objective of these initial experiments was to understand the boron hydrolysis process.
Hydrogen conversion was 92% for both 973 K and 1073 K. Very slow hydrogen production was observed at the temperature of 873K. Extensive deposition of boric acid was observed on the wall of the reactor outside the furnace where the temperature was 376 K.
The hydrolysis experiments show parallel processes of boron hydrolysis and boron oxide gasification. X-ray analysis of the particles remaining in the crucible shows 100% boron oxide. Thus, we conclude that the boron hydrolysis reaction is faster than the boron oxide layer gasification. In other words, the chemical reaction between the boron and the steam is much faster than the chemical reaction between the boron oxide and the steam. The use of the boron/boron oxide thermochemical cycle for hydrogen production shows an advantage over other cycles, due to the ease of removal of the oxide layer. By comparison, in the zinc/zinc oxide (ZnO) cycle, once a ZnO layer is formed, the hydrolysis reaction becomes limited by the diffusion of the reactants through the layer, which is harder to remove than the boron oxide layer [16] .
